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Abstract. — We present the results of a campaign of photometric observations of stars in the double cluster h and x Persei
that spanned eight years. The long time scale of the data has allowed us to discover that at least half of the brighter stars
in h and x Persei are variable stars. It appears that most of these variables are Be stars or related objects. Accurate color-
magnitude diagrams for the brightest stars of the double cluster show that (1) the reddening is not as uniform as was assumed
so far, (2) the observed parameters of many stars are very much affected by the high rotational velocities, and thus cannot
be easily interpreted in terms of physical quantities, and (3) the reported age and distance differences of both clusters are
probably spurious. We caution that the large intrinsic scatter of the colors and magnitudes of the h and x Persei stars casts
doubt on the validity of photometric calibrations that rely heavily on observations of the double cluster.
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1. Introduction.

The double cluster h and x Persei is one of the richest young
open clusters accessible to northern-hemisphere observers,
and so is well documented in the literature. An extensive
photographic study was carried out by Oosterhoff (1937) ;
MK spectral types for cluster members were determined
by Bidelman (1943), Johnson and Morgan (1955), Schild
(1965, 1966, 1967), and others ; optical photometry in
various systems was carried out by Johnson and Morgan
(1955), Wildey (1964), Schild (1965), Crawford ez al. (1970),
Moffat and Vogt (1974), and others ; infrared photometry
was obtained by Mendoza (1967) and Tapia et al (1984).

So far, relatively little attention has been paid to the
detection of variable stars in h and y Persei. The few small
searches for short-period variability among early-type stars
in hand x Persei did not prove very successful. Percy (1972)
essentially gives a list of non detections, and Cox (1983) did
not find any convincing short-period variations for the six
stars he monitored. On the other hand, it is remarkable
that for the earliest measurements of h and x Persei stars
in the Geneva system (Rufener, 1981) an unusually high

scatter was observed. A thorough search for variable stars
in h and x Persei might thus still prove worthwhile doing,
the more so since the double cluster is of roughly the
same age as the southern cluster NGC 3293, in which a
remarkable number of § Cephei stars have been detected
(Balona and Engelbrecht, 1983). Other clusters belonging
to the same age group are NGC 4755, NGC 6871, and IC
2581 (Mermilliod, 1981). In the present paper, we discuss
new photometric observations in the Geneva system of the
brightest blue stars in h and x Persei that we have been
accumulating at Jungfraujoch in Switzerland since 1979.

The accumulation of data with optimal accuracy and ho-
mogeneity has always been one of the main objectives in the
Geneva Photometric System (Golay, 1980 ; Rufener, 1985,
1986). We have chosen not to limit ourselves to differential
photometry, as is usual for variable-star work, but prefered
to accomplish absolute measurements following the stan-
dard procedures used in Geneva photometry. Indeed, pre-
cise photometry of h and x Persei is an issue of some impor-
tance. There is no general agreement on the ages and the
distance moduli of both clusters. Crawford et al. (1970) con-
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clude on the base of uvby  photometry that both clusters
have nearly the same age and distance, the distance modu-
lus being (m — M), = 11.4 £+ 0.4 ; Balona and Shobbrook
(1984) have thought it necessary to correct this value for
evolutionary effects and adopt a distance modulus of 11.16
for both clusters. On the other hand, Tapia et al (1984)
find confirmation of a previous suggestion by Schild (1967)
that h Per is younger and more nearby than x Per, with dis-
tance moduli of 11.7 and 12.0, respectively. This suggestion
by Schild was based on the presence of four (now five) B0.5
stars in h Per, while the turnoff point is at spectral type B1
in x Per. The uncertainty on the distance moduli of h and

x Persei may thus well exceed 0.5 magnitude. The main

error source, besides possible systematic errors in the ca-
libration processes, is probably the limited accuracy of the
cluster fitting method to h and x Persei. The determination
of the interstellar absorption toward the clusters does not
cause a major problem : from the most recent discussions,
it appears that interstellar reddening is fairly uniform, with
E(B - V) =0.59 + 0.02. Some stars present additional
obscuration of circumstellar origin (Crawford ez al, 1970 ;
Tapia et al., 1984).

The importance of accurate data on the double cluster
is clear when one realizes that calibrations of photometric
colors in terms of absolute magnitude for the most luminous
stars on the northern celestial hemisphere rely heavily on
observations of h.and x Percei. In recent calibrations of
the uvby 3 photometric system (Crawford, 1978 ; Balona
and Shobbrook, 1984), h and x Persei are the main or the
only northern clusters containing B1 and B2 stars. The
recent study by Manfroid and Sterken (1987) illustrates
how careful one should be when comparing photometric
observations taken with different instruments. “Precise”
observations do not necessarily allow one to construct
“accurate” calibrations. In the particular case considered
here, one may ask whether the calibrations of photometric
colors in terms of luminosity that rely heavily on southern
clusters, apply at all for the measurements of northern
early-B stars. Clearly, for an accurate estimator of the
Iuminosities of the earliest-type stars, more numerous and
more homogeneous data of northern clusters would be
welcome, and especially so of stars in the double cluster h
and y Persei.

The plan of this paper is as follows. In the next section
we describe the observational procedure that was followed.
Next, the interstellar and circumstellar reddening and the
color magnitude diagrams are discussed. It then appears
that an essential point is the presence of numerous stars
that are variable in color and magnitude. Finally, the
implications of these findings on the problems outlined in
this introduction are discussed.

2. Observations.

The observations were carried out with the Geneva
photometer that is permanently attached to the 76cm-
telescope of the Hochalpine Forschungsstation Jungfrau-
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joch, Switzerland, since 1979. The observatory being si-
tuated at a latitude of 46°, the wheather conditions are
not easily predictable. However, when the sky is clear at
Jungfraujoch, the conditions at this high-altitude site (alt.
3578m) are often of remarkable quality. The average ex-
tinction during such nights is low (Rufener, 1986). For our
observations, a mean extinction coefficient was adopted,
and observations were carried out at nearly constant air
mass, so that extinction variations could be compensated by
applying a gliding-means fit to the observations of standard
stars, that were measured at regular intervals. Typical preci-
sion for measurements carried out at Jungfraujoch is of the
order of 0.008 mag (Rufener and Bartholdi, 1982).

The field of h and x Persei being extremely crowded,
observations of the fainter stars and of the stars in the
nucleus were only carried out when seeing conditions were
good, so that small diaphragms could be used. The main
additional error source for the faint stars is connected with
the determination of the sky background. Since h and x
Persei do not show prominent obscured regions or emission
nebulae, in contrast with clusters of similar age, such as
NGC 3293 and NGC 4755, the possible contamination by
faint stars is the most important contribution to errors in
the sky background determination. Therefore, only these
stars were measured for which inspection of the deep maps
by Oosterhoff (1937) allowed the choice of a nearby field
devoid of stars. For stars with discordant measurements
in different nights, the possible errors induced by sky
measurements were checked during the reduction. Finally,
the sky magnitudes for the measurements of the most often
observed objects were considered : it appeared then that
variation of the sky brightness with time was essentially due
to the motion of the Moon, and not to careless observation.

The observational data are summarized in table I. We list
for each star its number in the compilation by Oosterhoff
(1937), the weighted number of observations and standard
deviations for the color indices, the mean indices, the
weighted number and standard deviations for the visual
magnitudes, the mean visual magnitudes, and the spectral .
types from the literature. The last columns refers to some
remarks.

3. Reddening.

An appropriate reddening-free formalism for early-type
stars in the Geneva system has been developed by Cramer
and Maeder (1979). The suitable observational HR-
diagram is the XY-diagram. We list the X- and Y-
parameters for the program stars in table II. Following

- Cramer (1982) we have estimated the dereddened indices

[U — B], and [B — V], from X and Y, using a polynomial
fit of degree 3, and so the color excess E [U — Bland
E[B — V]. The dereddened indices and the color excesses
are also listed in table II. The last but one column
of the table lists the ratio E[U — B]/ E[B— V]. This
ratio is approximately equal to 0.64 for purely interstellar
reddening (Goy, 1970 ; Cramer, 1982). The procedure
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obviously gives spurious results for the later-type stars in
table II. These stars are marked by an asterisk in the last
column, as are stars like Oo 2178 and Oo 2589, which
have discrepant excess ratios and thus present anomalous
reddening.

Fifty stars are common to Crawford er al’s (1970)
compilation and to ours. The color excesses E [B — V] and
E [b — y] are compared in figure 1. The ratio E[B — V]/
E(b—y) averages 1.63 £ 0.07 (r.m.s.) A few objects deviate
from the mean relation ; they are A supergiants and Be
stars. For the former, some part of the discrepancy may
be due to the uncertainties in the determination of intrinsic
colors for the most luminous stars. The differences for the
Be stars are probably due to the long-term variability of
these stars and their circumstellar components (see Sect. 5).

It is clear from figure 1 that a rather important range
in color excesses is observed. For some of the most
obscured objects, a circumstellar absorption component is
present in addition to the interstellar one : large excesses
(E [B — V] > 0.8, while for the other stars the mean excess
is 0.65 mag) are observed for the supergiants Oo 1057,
Oo 1162, and Oo 2621, and the Be stars Oo 2138 and
Oo0 2284. In addition, the interstellar absorption shows
some real variation over the cluster, which has not been
accounted for in previous studies. The color excesses
E[B — V] are mapped on the plane of the sky for the
nucleus of h'Persei in figure 2. Absorption is systematically
larger than average for the stars in the south-eastern part
of the cluster. Inspection of this region on Oosterhofi’s
map clearly indicates a lower star density in this part, again
pointing to additional obscuration.

When the south-eastern part of h Persei is excluded, it
turns out that the reddening toward both cluster nuclei is
not significantly different, i.e. E[B — V] = 0.65 £ 0.03 for
h Per (14 stars), and E[B — V] = 0.65 + 0.07 for x Per
(15 stars), which corresponds to E(B — V) = 0.56 in the
UBYV system. Part of the scatter must be of circumstellar
origin, since both clusters are particularly rich in Be stars.
The rather uniform interstellar component over the whole
cluster region suggests that the main absorbing clouds must
be rather nearby, in agreement with the findings by Golay ez
al (1988). This point is substantiated by the color excess of
the foreground star Oo 1015 — E [B — V] = 0.445 — which
is situated at roughly half the distance to the clusters. We
will see in the next Section that the highly reddened star Oo
1257, in the south-eastern part of h Per, with E'[B — V] =
0.878, may also be a foreground object.

4. Color-magnitude diagrams.

The dereddened visual magnitudes V; in table II were
computed with a ratio of total-to-selective absorption
Av/E[B - V] equal to 2.75 (Cramer, 1982) and with the
individual color excesses of each star. For the mean visual
magnitudes of the non-variable stars that are common to
both samples, good agreement is found with the results by
Crawford et al. (1970). For a few variables (see below)
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the discrepancy between both data sets is larger than 0.3
magnitudes. Also, differences between the dereddened
data occur because we corrected with the reddening
computed for each star separately, while Crawford et al
computed Vp with a mean reddening. One unexplained
discrepancy is that of the star Oo 991, which we found to
be 0.6 mag fainter as did Crawford et al

In figures 3 to 5 we display the color-magnitude diagrams
Voversus [U — B], for the nucleiof hand x Perseiseparately
and for all stars from table II. On all three figures, the
scatter is high along both axes. A few stars are. more than
0.1 magnitude bluer than the bulk of the other stars that
have the same brightness. The brightest such star is the
blue straggler Oo 2172 (HD 14434), which is situated on
the continuation of the ZAMS of the cluster, well beyond
the turnoff point (Mathys, 1987). The others are Oo 245,
0o 1261, Oo 2196, Oo 2262, and Oo 2284 ; except for Oo
245, all these stars have been classified as Be stars.

It is well known that the average rotational velocity for
the brightest stars in h and x Perseiis high (Slettebak, 1968).
High rotational velocities may lead to quasi-homogeneous
evolution, which was proposed as an explanation for the
blue-straggler phenomenon (Wheeler, 1979 ; Maeder,
1987). It also affects observational parameters such as
colors, magnitudes, and spectral types (Collins, 1987). It
is therefore reasonable to assume that at least part of the
horizontal scatter in the color-magnitude diagrams of the
double cluster reflects a range in rotation velocities and/or
inclination angles. Strong support for this assumption
comes from the fact that a majority of the most deviating
stars are Be stars, which are well known to rotate more
rapidly than the average B stars. Also, the scatter is
consistently less for the color-magnitude-diagrams in the
Geneva system for clusters of similar age, such as NGC 3293
and NGC 7160 (Rufener, 1988).

The high rotational velocities then also cause part of the
observed scatter of the color-magnitude diagrams in the
vertical sense. An additional source for vertical scatter is
binarity. The most deviant main-sequence star — Oo 1257
— issituated about 1.5 magnitude above the main sequence,
and thus probably is a foreground star. The high reddening
of this star then confirms that the reddening is produced
relatively near to us. Another foreground object may be Oo
2185 ; this star presents a reddening near the mean value of
the clusters.

Following Schild (1967), it is sometimes assumed that h
Persei is younger and more distant than x Persei (e.g. Tapia
et al, 1984). This assumption is based on the occurrence
of B0.5 stars in h Per, while the earliest stars in x Per
are of spectral type B1. These BO.5 stars are indicated as
circles in figure 3. Obviously, the color-magnitude diagram
does not confirm that these stars testify a hotter turnoff
for h Per. In fact, when figures 3 to 5 are superposed, no
systematic shift in color appears. We conclude therefore
that no systematic mean age difference can be detected
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between the two clusters and also between the clustersand ~ Of the color variations roughly scales with that of the
the fringe region, stressing the fact that in all parts a large  brightness variations. We think therefore that most variable
intrinsic scatter exists, part of which is due to the effects of ~ stars — ie. at least half of the stars in table I —
rapid rotation. are Be stars or related stars. The known Be stars have

the largest amplitudes ; the fact that they are detected
5. Variable stars.

Rufener and Bartholdi (1982) discussed the typical accuracy
of measurements in the Geneva system by studying the his-
togram of the standard deviations on the visual magnitudes
for the 14633 stars in Rufener’s (1981) catalog. By studying
the long tail of the distribution they also defined criteria for
(micro) variability. Even after allowing for the peculiar ob-
servation conditions of a crowded cluster and accordingly
relaxing the conditions, we find that an unusually high frac-
tion of the cluster stars must be variable. The typical stan-
dard deviation found by Rufener and Bartholdi is s, = 8.2
mmag. Of the B stars in table I, 25% have oy < sy, 25%
have s, < oy < 2 s}, and 50% have 2 s/, < oy.

A first class of variables found in the double cluster
consists of supergiant stars. The four Bla-supergiants Oo
16, Oo 1057, Oo 1162, and Oo 2621 clearly are variable.
The light variations we observed for Oo 16 and Oo 1057 in
1983 are displayed in figure 6. They are erratic in nature :
no obvious time scale seems to be present in the variations
of these early-B supergiants.

The largest-amplitude variability was observed for several
objects that are known to be Be stars. In figure 7 we display
the brightness variations of Oo 309, Oo 1702, Oo 1926, Oo
2138, and Oo 2165, i.e. five stars that were known to be
Be stars before our survey began. The variability of some of
these stars was already clear from the earlier measurements
at Haute-Provence (Rufener, 1981). It is seen in figure
7 that long-term variations, with time scales of years and
amplitudes of some tenths of a magnitude, dominate, but
that shorter variations with smaller amplitudes occur within
each observing season. These short-term vatiations still
significantly exceed the observational scatter. This point
may be evidenced by comparing the variation of Oo 309 with
those of the other stars in figure 7 : it appears clearly that
stars with smaller long-term variations also show smaller
short-term variability. The associated color variations are
also important : [U — B] indices of these stars varied by
up to 0.05 magnitude (the stars being bluest in [U — B] and
reddest in [B — V] when brightest), i.e. by nearly one half
of the color spread on the main sequence in figure 5.

Similar large-amplitude variations on various time scales
and with important color variations were observed for a
number of stars initially not known to be Be stars, such as
0o 49 and Oo 717 (Fig. 8) and Oo 864. We summarize the
data about the most observed variable stars in table IIIL

Although most variable stars in the double cluster could
not be monitored as intensively as the stars listed in
table III, it appears that a general pattern emerges :
for all stars the variations on a longer time scale, from
weeks to years, clearly exceed in amplitude the nightly
variations by an order of magnitude, and the amplitude

spectroscopically and not the others may thus be due to
the treshold of the spectroscopic surveys so far. This view
is supported by more recent spectroscopic observations by
Slettebak (1985), who found several new Be stars in the
double cluster, among them Oo 49. It is also consistent with
the large average rotation velocity and the important scatter
of the main sequence in the color-magnitude diagrams.

The double cluster is of roughly the same age as the
southern open cluster NGC 3293, which is particularly
rich in B Cephei stars. One of the initial motivations of
our project was then to search for 8 Cephei stars in the

double cluster. We have therefore searched for short-
period variations in some objects, such as Oo 30, Oo 146,

00 260 and Oo 1586, which — according to their colors —
fall in the B Cephei instability strip. The fact that seven-
color measurements are rather time consuming and the
unpredictability of the weather at Jungfraujoch prevented
us from obtaining large data strings with good time
coverage. Typically not more than five measurements were
made each night, and observation during subsequent nights
was not always possible ; in such conditions, determination
of short periodicities is hazardous. We therefore later
focussed mainly on the variability on a longer time scale.
It is, in our opinion, nevertheless significant that no short-
period oscillations were found in our survey. The stars
investigated never showed rapid variations in excess of 0.02
mag. Although we can by no means claim that our search
for § Cephei stars in h and x Persei is complete, our null
result contrasts with the large number of Be stars found and
is consistent with the negative result of a broader search
by Percy (1972). In his search for short-period variability
among 39 stars in h and x Persei, Percy could not detect
any (3 Cephei variable ; from the seven stars for which Percy
found some evidence for variability at the 0.03-mag level,
only two could be short-term variables ; on the other hand,
our study showed that many of the stars observed by Percy
are long-term variables. For the sake of completeness, we
also mention a negative result of a search for # Cephei stars
in h and x Persei by Cox (1983). It is a significant fact that
all stars that were found by Cox to be constant on a short
time scale turn out to be variable on longer time scales.

6. Discussion.

Although the large rotation velocities of stars in h and
x Persei and the large number of Be stars in the double
cluster have been known since some time, the importance
of these points has been underscored. They may explain
the broadening of the main sequence in a natural way and
render the claims for different ages of the clusters rather
doubtful.

In the present study, we were mainly concerned with
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the brighter cluster members. More data on the fainter
members are needed in order to tie the cluster sequence
down to sequences of other clusters, so that a new estimate
of the distance modulus can be made. But even if the
distance modulus of h and x Persei were accurately known,
it may be questioned whether the observations of these
clusters are useful for calibrating the absolute magnitudes
of the earliest-type B stars in terms of photometric indices.
Indeed, the influence of various effects of rotation on the
colors is so huge that it seems hopeless to find a unique
relation between absolute magnitude and colors for stars
of h and x Persei. This problem is very worrysome, since
only a few other very young northern clusters are within
reach. Indeed, existing calibrations depend critically on
.data for h and y Persei. For constructing calibrations that
are reliable for northern objects, it is therefore critical
that observations be carried out in a photométric system
that allows a homogeneous coverage of both celestial
hemispheres. But even then it may be doubted that any
photometric calibration which does not take into account
the effects of rotation on the colors can enable one to
estimate accurately the physical parameters of the hottest
rapidly rotating stars.

The large numbers of Be stars in h and x Persei has struck
other investigators as well. Schild and Romanishin (1976)
and Abt (1987) estimated the Be star frequency in x Persei
at about 25% , while for the average frequency of Be stars in
clusters they quoted values near 10% . However, Abt (1987)
stressed the fact that such comparisons could be biased by
the various techniques involved in different studies.

We have suggested in the previous section that the 50% or
so variable stars in our sample are Be stars or stars related
to them. Of course, it is hazardous to term a star as a
Be star without direct spectroscopic evidence. We feel,
however, that the similarity of the photometric behavior of

these stars suggests that they are all of a similar nature..

Since the largest-amplitude variables consistently turn out
to be Be stars, it is then also natural to conclude that the
known Be stars constitute the “tip of the iceberg”, i.e. those
stars whose Be character can be demonstrated with the
rather low spectroscopic resolution devoted to their study
so far. Aswe have mentioned earlier, our photometric study
started before we were aware of the new spectroscopic work
by Slettebak (1985), and it is therefore highly significant
that some of the largest-amplitude variables that were not
known to be Be stars before, were confirmed as such by
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Slettebak. It is probable, in our opinion, that more frequent
spectroscopic observations, with higher resolution, would
reveal more Be stars in both h and x Persei.

The large frequency of Be stars and the apparent absence
of B Cephei stars in the double cluster stands in striking
contrast with the small number of Be stars and the large
number of B Cephei stars in the southern cluster NGC
3293, which is of similar age. In the two known Be stars
of NGC 3293, the 8 Cephei phenomenon is not observed.
These observations lend support to the old idea that large
rotational velocities tend to be.incompatible with the g
Cephei phenomenon. This idea was questioned when some
B Cephei stars with large v sin 7 were discovered, but it
remains an observational fact that the pulsation amplitudes
in such stars are lower than in the slowly rotating pulsators
(Jakate, 1979). Also, no 3 Cephei stars are observed in the
closest binaries, where tidal effects enforce rapid corotation
(Waelkens and Rufener, 1983).

7. Concluding remarks.

In this study, we have found that an unusually large fraction
of the brightest members of the double cluster h and x
Persei are Be stars. We suggest that this fact may allow
for a large part of the spread in color on the upper-main-
sequence of both clusters. It seems that the evidence for an
age difference between both clusters and the surrounding
stars is weakened. Also, we have warned against the use of
photometric luminosity calibrations that depend too heavily
on measurements of the brightest stars in h and x Persei.

Comparisons of h and x Persei with the cluster of similar
age NGC 3293 reveals that striking differences in average
rotation velocities play an important role. The age group of
these clusters being a rich one (Mermilliod, 1981), it may be
rewarding to extend the present study to the clusters NGC
4755, NGC 6871, and IC 2581.
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TABLE ITI. — The largest-amplitude variable stars in h and x Persei. Listed are the Oosterhoff numbers, number of observations, mean
brightness, peak-to-peak amplitudes in [U—B], [B—V], and m.,, and the spectral types.

0o N <m,> A[U-B] AB-V] Am, ST
49 43 9.104 0.06 0.05 0.19 Bllle
309 39 9.483 0.10 0.06 0.18 BlIlle
17 69 9.287 0.06 0.04 0.32 B1V
864 28 9.946 0.05 0.03 0.12 B1V
1702 47 9.569 0.07 0.07 0.28 B1.51lle
1926 40 9.895 0.05 0.05 0.25 Blllle
2088 14 9.479 0.04 0.05 0.24 Blllle
2138 26 9.208 0.07 0.06 0.22 BOIVpe
2165 33 9.932 0.06 0.08 0.28 B2Ve
1.0 20
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FIGURE 1. — The color excess E[B — V] plotted as a function of
the color excess E(b — y) for the stars that are common to Craw-
ford et al’s (1970) and the present study.

FIGURE 2. — The spatial distributions of the color excesses E[B—
V] for the stars of the nucleus of h Per. The relative positions with
respect to Oo 1057 are expressed in arcminutes.
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FIGURE 3. — Dereddened color-magnitude diagram for stars in the nucleus of h Per. The five BO.5 stars are encircled.
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FIGURE 4. — Dereddened color-magnitude diagram for stars in

the nucleus of x Per.
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FIGURE 5. — Dereddened color-magnitude diagram for all pro-

gram stars in the double cluster. As explained in the text, the stars
that are to the left of the main sequence are mostly Be stars.
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FIGURE 6. — Visual brightness variations of the early-B supergiants Oo 16 and Oo 1057 in 1983.
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FIGURE 7. — Visual brightness variations of some known Be stars in h and yx Persei. The year-to-year variation dominate, but the stars
are also variable on shorter time scales.
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FIGURE 7 (continued)
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FIGURE 7 (continued)
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FIGURE 8. — Visual brightness variations of two stars that were not known to be Be stars when our survey began. On the base of the
similarity with figure 7, we propose in the text that these and other stars are also Be stars. This proposition has been confirmed for Oo
49 by recent spectroscopic data.
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